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ABSTRACT
A New Approach for 3D Printed Microfluidic Device Design
Based on Pre-Defined Components
Cassandra Ester Slaugh
Department of Electrical and Computer Engineering, BYU
Master of Science
3D printing for microfluidic device fabrication has received considerable interest in
recent years, in part driven by the potential to dramatically speed up device development
by reducing device fabrication time to the minutes timescale. Moreover, in contrast to traditional cleanroom-based fabrication processes that require manual production and stacking
of a limited number of layers, 3D printing allows full use of the 3D fabrication volume to lay
out microfluidic elements with complex yet compact 3D geometries. The Nordin group has
successfully developed multiple generations of high resolution printers and materials for microfluidic devices that achieve this vision. However, because of the customizability of design
in the Nordin microfluidics lab, finding settings that lead to a successful print can involve a
taxing cycle of adjustments. The current 3D microfluidics design flow, which requires each
student to find settings for each design, makes it difficult for new students to rapidly print
successful designs with new components.
In this thesis I present an Improved Microfluidic Design Approach (IMDA) that is
based on a pre-defined component library. It allows students to reuse a library of components
such that a new designer can utilize the work of more experienced predecessors, allowing the
lab to avoid repeating the same parameter tuning process with each student. So far the tool
has shown the feasibility of printing new designs based on previously tested components.
Ultimately, my work demonstrates an attractive path to make the 3D printed microfluidic
design experience more robust, repeatable, and easier for newcomers to learn.

Keywords: 3D printing, microfluidics, 3D design, software development
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CHAPTER 1.

INTRODUCTION

For traditional 3D printing based on Digital Light Processing Stereolithography (DLPSL), a designer first develops a device design in a CAD software tool such as OpenSCAD [1].
The design is then converted into an STL (often referred to as Standard Tesselation Language) file which is then sliced into individual black and white images. Each image is then
exposed using the same exposure settings (typically layer exposure time and illumination
intensity). This procedure, while often effective for general printing, does not allow the
maximum possible resolution of the 3D printer to be achieved, especially for negative features (i.e. voids such as channels, reaction chambers, valves, etc.) that are the basis of
microfluidic devices. As shown in the Nordin group’s recent Nature Communications paper [1], opening up the spatial dose delivery parameter space permits dramatic resolution
improvements to be realized. This is accomplished by mixing and matching different layer
exposure times and layer thicknesses throughout the 3D print, which breaks from the traditional DLP-SL design and fabrication process. Therefore, there is a need for a new design
tool that conveniently accommodates my new generalized 3D printing paradigm. This is the
motivation for my work presented in this thesis.
The Nordin lab has developed a high precision microfluidics printer [1]–[7]. This
printer uses a moving building stage and images projected with ultraviolet light to polymerize
resin, as with traditional DLP-SL 3D printing. However, rather than using the same settings
for each layer, many of the settings such as the optical power, exposure time, layer thickness,
and allowing multiple sub-images for each layer can be customized in a print settings file.
This allows for highly customizable prints, leading to successful high resolution component
printing.
Unfortunately, at present this flexibility can only be accessed through manual file
manipulation done by each designer. Not only is this a tedious process to get to an initial
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design, it makes the iterative process of finding settings for successful devices redundant
and time-consuming, which acts against one of the main advantages of 3D printing, namely,
how fast one can create a device. This is especially true as the features get smaller. The
result is a cycle of parameter adjusting required for each designer when printing a new
component. Individual layers and images may require specific settings, such as longer or
brighter exposures, which allow the design to print properly, and the discovery of those
ideal settings can be time intensive especially for new and inexperienced designers. Often a
specific design must be printed many times with experimental settings before a design can
yield a workable print.
Currently this cycle of printing and tuning has to be done by each individual student.
In contrast the Improved Microfluidic Design Approach (IMDA), allows a designer to benefit
from the expertise and successful experience of other designers by establishing a library of
reusable parts (hereinafter termed ”components”) and a method of designing with components inside a CAD tool that automatically results in a 3D print file that can be directly
utilized by the 3D printer to physically realize the device. The IMDA tool is able to parse
through a created device and automatically recognize and replace component placeholders
with the real components and integrate the settings of the design to accommodate both the
user’s design as well the component’s requirements.
Using the IMDA tool, a less experienced user can therefore create a new design using
components that are already tested rather than repeating the same trial and error cycle of a
previous user. For example, if a lab member has designed a device containing a component,
such as a valve, that has been tested and honed, a new user would be able to take that valve,
integrate it into their own design, and spend their time building their new device rather than
optimizing the print parameters specially needed by that valve design. Thus, the work of a
more experienced lab member, can prevent the repeated struggle of a newer lab member.
This thesis will detail my new and improved microfluidic design approach. Chapter
1 will provide background on the 3D printer and the design process. Chapter 2 will present
the software solution for utilizing a library of premade components. Chapter 3 will detail
how a library component is made. Chapter 4 will explain the software testing that has been
performed. Chapter 5 explains the validation I did to ensure the tool works as expected.
2

Chapter 6 will provide physical examples of the integration process being used, illustrating
the validity and usefulness of the IMDA. Chapter 7 will summarize the thesis and provide
next steps.

3

CHAPTER 2.

BACKGROUND

In this chapter I will provide background on the custom 3D printer used for the work
reported in this thesis, as well as standard 3D printing practices. I will delve further into
detail on the specific nature of the 3D printer used in the lab and where the predefined
components will fill a need created by the current design flow.

2.1

3D Printer
The 3D microfluidics printers in the Nordin lab is a stereolithographic 3D printer that

uses Digital Light Processing (DLP) projection [3]. For each layer it projects a 7.6 µm pixel
resolution image with ultraviolet light that polymerizes according to the projected image,
i.e., the light regions of the image become hardened polymer while the dark regions of the
image remain liquid resin [5]. This process is repeated layer by layer to form a microfluidic
device. A device is fabricated on a glass slide that is secured on a build platform which
vertically moves up and down (z-dimension) to define the individual layers. The printer is
controlled through a web-based interface. Each layer image and its settings are specified in a
print file, which comprises the user’s input to the printer and which fully defines the device
to be printed and how to print it. This input print file is submitted to the printer through
the web-based interface.
The first step in creating a print file is to design the device to be printed in a 3D
CAD tool. The Nordin group commonly uses OpenSCAD [8]–[10].
OpenSCAD is a free and open source 3D CAD tool that has a 3D visual display and
uses constructive solid geometry based on the Computational Geometry Algorithms Library
(CGAL). CGAL is a C++ library that “aims to provide easy access to efficient and reliable
algorithms in computational geometry” [11]. OpenSCAD uses a coding language similar to
C++ which is simple enough for students to use with or without previous coding experience,
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because you can create a more complex design by building up basic shapes [12]. Once a design
is made, OpenSCAD can convert the design to an STL (Standard Tessellation Language)
file [12]. The STL file is then run through a software package referred to as a “slicer”,
which segments the 3D design into a set of images that represent vertical, equal thickness
slices of the 3D design. Each image is binary (black and white only), where black represents
absence of the 3D object and white represents presence of the 3D object [13]. In conventional
stereolithographic DLP 3D printing, each image is projected by the 3D printer’s light engine
to form individual layers in the 3D printed device [14]. For our stereolithographic DLP
3D printing approach, all of the sliced images are put into a single directory that is zipped
together with a JSON file that contains the print settings that tell the printer what to do
with each image and how to arrange the details of the 3D print. These include instructions
such as the order in which to print images and the amount of time each image should be
projected [14]. Extra projection (exposure) time is typically added to the first few layers,
which are referred to as “burn-in” layers, to ensure that the device is securely attached to the
glass slide on which it is printed [14]. Once the files are uploaded and the physical printer is
prepared, the printing can be started from a web browser.
The JSON settings file is the key to controlling the 3D printer. It contains a list
of default specifications such as: light engine power, exposure time, and layer thickness,
followed by a list containing information for each layer. A layer is defined as everything that
happens at a given z position of the build platform. At a minimum, the layer information
includes one image, although each layer can also have individualized settings that modify
the default settings. These settings are set individually by the designer and can be adjusted
to allow more complicated components to have specific instructions to give them a greater
chance of printing properly. For example, in a 20-pixel diameter valve, the 10 µm membrane
layer is broken up into two smaller 5 µm layers, each with a shorter exposure time than the
default. Figure 2.1 shows a minimum print settings file for a device with a 20-pixel diameter
valve component. In Figure 2.1a is the to top of the settings file, which starts with default
settings, including the default position settings which dictate the speed and location of the
build platform, as well as the default image settings which specify the exposure for individual
images. At the bottom of the figure are the first few layers of the print, which use the default
5

(b) Membrane

(a) Defaults

Figure 2.1: Print settings file of 20-pixel diameter valve component.

settings as no customized settings are indicated. Figure 2.1b shows a snippet later in the
file. It includes settings for the membrane layers mentioned above. Here the layer thickness
is decreased from the default 10 microns to only 5 microns. Also the individual images use
a decreased exposure time, dropping from the default 235 ms to only 160 ms.
Once the print is complete, the designer flushes unpolymerized resin using compressed
air, vacuum, and isopropyl alcohol (IPA). The device is then optically cured with light from
a 450 nm LED. Once the device is fully cured, the fluid and pneumatic channels can be
hooked up, and the device is ready to be used.

6

2.2

Applications
3D printing is ideal for creating microfluidic devices, because it enables quick creation

of high precision devices without the need of a clean room [2]. A few of the devices in
development in the Nordin lab are a device to detect cell chemotaxis by Mawla Boaks, a
device to emulate an organ on a chip using porous membranes by Matthew Viglione, and a
droplet on demand system to detect bacterial antibiotic susceptibility by Chandler Warr.

Figure 2.2: Current design flow chart. This requires that each designer adjust their design
after printing, often many times, before they get a successful result.

2.3

3D Design Approach
The ability to tune specific 3D printer parameters for each layer leads to the process

pipeline shown in Figure 2.2. Starting with a design idea, a developer will create a 3D CAD
design in OpenSCAD, and then convert it into an STL file which can then be sliced into
individual black and white images. Using the sliced image names, a developer will then
manually create a JSON print settings file which specifies the default settings as well as the
specific settings for individual images and layers. With those inputs: the sliced images and
the JSON print settings file, the design can be printed. If the printed design doesn’t turn
7

out, or fails to print properly, the designer must go back to the design step and adjust the
3D design and/or the print settings and reprint. This process is iterated until a successful
device is obtained.
Due to the enabled complexity and also because the printer designs are for negative
space objects which are already harder to get to turn out, it can be difficult for a new designer
to get a working print when designing a new component [1].
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CHAPTER 3.

IMPROVED APPROACH

In this chapter I will give an overview of my improved design approach and explain
what a library of components looks like and how it is used. I will go into detail about each
of the files needed in the library for a component to be usable, as well as where and when
each of the files are used. As I step through the process, I will also look at what the design
will look like at each stage including the final integrated output.

3.1

Tool Overview
Using the IMDA the designer will have access to a library of components that are

predesigned and tested to work for the printer the designer is using. To use a library component, a placeholder for that component is inserted during the CAD design and then replaced
before printing with the actual component. This replacement involves both adjusting details of the 3D printer JSON control file as well as updating the directory of images. Both
locations, the JSON control file and the directory of images, comprise a print job.
A component is an element of a design, such as a valve or a pump, that is part
of a larger system. These components will typically have connection channels, fluid and/or
pneumatic, which will need to be connected to channels within the larger microfluidic device.

3.2

Adding Premade Component to 3D Design
To make designing simpler, particularly for newer designers, the IMDA changes the

device design and development pipeline in Figure 2.2 to the one in Figure 3.1. Similar to
the previous process, a designer will start with their design idea and a generic OpenSCAD
design. While making the design they include OpenSCAD component placeholders from the
library which indicate where their chosen library components should be in the final design.
These OpenSCAD component placeholders are further detailed in Section 3.4. The final
9

design is then converted to an STL file, as before, and sliced into black and white images.
The designer then creates the print settings file except that instead of having to go in and
manually assign specific image and layer settings, this print settings file would use only the
defaults for each image. These print file inputs: the sliced images and print settings JSON
containing the component placeholders, are processed by the IMDA tool, which replaces the
placeholder images and settings with the images and settings of the actual components. This
process is explained in detail in Section 3.6.

Figure 3.1: New design flow chart. This allows a designer to reuse components designed by
themselves or others.

In practice, this will allow a student, with no previous experience, to utilize components that have already been successfully developed and tested. An example of this is
schematically illustrated in Figure 3.2, where an inexperienced “Student 4” is able to incorporate designs from “Students 1-3” into their own design without needing to look at the
original designs or require the one-on-one expertise of those students.
Each component in the library is self-contained and can be moved from one library
to another or shared in one universal library. The OpenSCAD placeholder contains a barcode that identifies its function and the predefined component in the library that will be
substituted for the placeholder.

10

Figure 3.2: Map of reusable components. A new student can reuse components created by
more experienced students without any past experience.

3.3

Library Structure
The library contains a JSON file and component folders. The JSON file maps the

component name, such as “20pxval” for a 20-pixel diameter valve, to a numeric data matrix
barcode, such as “000000”. Section 4.3 describes when this file is used. The library also
contains a folder for each of the predefined components. Within the component folder there
are five required elements: a folder of images, a print settings JSON, a component JSON,
a SCAD file, and an STL file. Figure 3.3 shows the folder for the 20-pixel diameter valve
component.
The first two elements are the same as those required for a print file: a folder of sliced
images and a print settings JSON file. In this case they include only the limited number of
images used for the component and the print settings for those images. Section 4.1 details
when these files are required.
There is also a JSON file of component variables. This includes the dimensions, or
the size of the images, and the number of layers those images make up. It also includes a
human readable component description which contains a more detailed explanation of the
component than just the component name. Lastly, it has a version history, which includes
how many versions, who made the changes, and what the changes were. The use of this file
is further described in Section 4.2.
11

The last two elements are the 3D placeholder for the component. This placeholder
design will be in both formats: OpenSCAD and STL. The OpenSCAD format is used during
the design step, see Section 3.4, and the STL file is used to verify the dimensions from the
component variables JSON file during testing, see Chapter 5.

Figure 3.3: 20-pixel diameter valve component library files. There are 5 elements.

3.4

Integration in 3D Design
In order to utilize a component from the library, a component-specific placeholder

is inserted into the desired location in the CAD design. Figure 3.4a is an example of a
3D component placeholder. The actual valve can be seen in Figure 4.1c. The component
placeholder has the width, length, and height of the actual component and holds the space
for that component to replace it in the final design. The first two layers of the component
placeholder are a 10-pixel circle and a 10-pixel by 10-pixel barcode. The remaining layers
are a series of single layer rectangles with the width and length of the component. The circle
on the first layer allows the IMDA image processing module to quickly identify a potential
component, as circles are easy and quick for image processors to detect in 2D images, and
the barcode on the second layer maps the placeholder to a specific component in the user’s
library. The combination of circle and barcode therefore act as a communication mechanism
for the IMDA software that is embedded in the sliced images obtained from the design’s STL
file.
Figure 3.4 illustrates how the component looks within the microfluidic design. The
small red buttons on the outside of the component placeholder in Figure 3.4a mark the

12

(a) Component placeholder; red buttons indicate where the placeholder connects to the rest of the
design

(c) Zoomed out view; 8 instances of component
placeholder visible
(b) Design with component placeholders; red
buttons are covered by the connecting channels

Figure 3.4: OpenSCAD visual of component placeholder in 3D design. This placeholder box
acts as the component in the OpenSCAD design, reserving the area to be replaced with the
associated component in the sliced images.
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areas where the channels connect to the placeholder so that the component will be correctly
connected when the placeholder gets replaced. These red connection buttons act as a visual
guide to the designer to ensure that the component channels are correctly aligned with the
rest of the design. On the 20-pixel diameter valve there are 4 connecting channels, one on
the bottom, one on the side, and two on the top. In Figure 3.4a the bottom and side red
indicator buttons can be seen. In Figure 3.4b where the placeholder is placed into the design,
these buttons are covered by channels, and all four connecting channels can be seen: two on
top, one on the side, and one on the bottom. These buttons reassure the designer that the
component placeholder is appropriately connected to their overall design. When the buttons
are covered by the connecting channels, the designer knows the component will be properly
connected within the microfluidic design because the component channels will be covered by
the broader design’s channels. From here forward, the device excluding the components will
be called the bulk, meaning that it is the bulk of the device including all area not reserved
for a component. Figure 3.4c shows a zoomed out view of the microfluidic design where 8
separate instances of the placeholder can be seen.
The component placeholder not only identifies the component for the IMDA software, but it also reserves the space where the component should be. Figure 3.5 shows the
placeholder for a 20-pixel diameter valve. This placeholder is the same size as the bounding
box of the the valve, which is 30 pixels by 30 pixels by 15 layers. Figure 3.5a is the CAD
placeholder, Figure 3.5b is the placeholder divided into its 15 layers, and Figure 3.5c shows
the images from the component library for each of those layers.
The first layer of the placeholder, which can be seen in Figure 3.5d, is a one layer
circle. This circle will show up on the first slice of the microfluidic design containing the
component and will signal to the IMDA tool that a component needs to be placed into the
sliced images. The second layer, which can be seen in Figure 3.5e, is a one layer barcode.
This barcode indicates to the IMDA tool which component this placeholder needs to be
replaced with. The remaining layers, seen in Figure 3.5f, are a sequence of rectangular boxes
that make up a cuboid the size of the component. These boxes will leave black boxes on the
remaining images of the microfluidic design containing the component and will be replaced
with the actual component by the IMDA tool.
14

Figure 3.5: OpenSCAD component placeholder. Subfigures a-c show an expanded view of
the placeholder from the box to individual slices to the images of those slices. Subfigures d-f
show layers 1, 2, and 3 viewed from the bottom of the placeholder.
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3.5

Create 3D Print File
Once the 3D design is complete and the STL file generated and sliced into a series of

images, students use the program seen in Figure 3.6 to create a print settings JSON. This
program, specific to the lab, generates a JSON settings file to fit the needs of the printer
based on a folder of sliced images. It will go through the images and create a settings file
that uses a single image per layer and the default settings for each of those images, similar to
traditional stereolithographic 3D printing as discussed in Section 2.1. This is in contrast to
settings files such as the one from Figure 2.1b where the original designer manually changed
the settings on image 133 from one default 10 micron layer to two 5 micron layers. Instead,
the designer simply uses the program generated print settings file.
In the resultant sliced images, the component placeholder will have a circle on the first
image, followed by a barcode on the next image, followed by a sequence of black boxes up
to the height of the component in the remaining images as seen in Figure 3.7. Figure 3.7a is
the first slice of the microfluidic device containing the component. In the design from Figure
fig:openSCAD-component-in-design-zoomed-out there are 24 cylindrical channel openings,
12 on each side, and here those cylinders have been sliced and are represented by the 24

Figure 3.6: Print settings program. This program takes a folder of images and generates a
simple print settings file using the default settings for every image.
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(a) Layer one (bulk image 100): circle

(b) Layer two (bulk image 101): barcode

(c) Remaining layers (bulk images 102-114): black box

Figure 3.7: Images of component placeholder in bulk design slices.

rectangles, 12 on each side of the image. Connecting those openings to the component
placeholders are the small connecting channels which were also visible in the OpenSCAD
design. Zoomed in on the left is the component placeholder from this layer which is a circle.
This circle, as mentioned, will indicate to the IMDA tool that a component needs to be
placed.
Figure 3.7b is the bulk design image that contains the barcode which is, as expected,
on the image following the circle. This image is followed by Figure 3.7c which shows the
first image of the cuboid that makes up the rest of the placeholder.
Figure 3.8 shows the bulk design’s print settings. Figure 3.8a shows the default
settings. Figure 3.8b shows the layers where the component starts. The component begins
on image 100, Figure 3.7a, but there are no special settings in the bulk print settings. This
shows that no settings adjustment has taken place and every layer is using the design defaults.
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(b) Starting layers

(a) Defaults

Figure 3.8: Bulk design print settings.

3.6

Utilizing Code
With the print settings file and slices generated for the bulk design, or the design

excluding the components, the device is ready for integration, or the replacement of the
component placeholders with the actual components and generation of the final zip file that
gets sent to the 3D printer. This integration will not only replace the black boxes in the
design images with the components’ images, but also coordinate between the bulk’s print
settings and the components’ print settings, allowing both the bulk as well as components
to receive proper exposure. This end product will be called the integrated design.
The code is run on the commandline and has one required input: the folder containing
the settings file and slices. The resulting folder is ready to print, containing an integrated
18

print settings file and a folder of integrated image slices. Figure 3.9 displays the integrated
print setting, and Figure 3.10 displays the images. The integrated design should take all of its
defaults from the bulk design rather than from the component. In this example, the defaults
of Figure 3.9a match the bulk design’s defaults in Figure 3.8a rather than the component
design’s defaults from Figure 2.1a. Comparing the bulk and component defaults, there are
two differences between the two: the “BP up speed (mm/sec)” and the “Layer exposure time
(ms)”.

(b) Starting layers
(a) Defaults

Figure 3.9: Integrated print settings.
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Figure 3.10: Images of component in integrated design slices. a-b are the integrated slices. ce are the 3D 20-pixel diameter valve component broken down into layers and then individual
slices. The indicated area in the image from subfigure a is shown to come from a component
image in subfigure e.
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The BP up speed is the speed the build platform (BP) travels up after the exposure.
For the component that speed is 20.0 mm/sec while the bulk uses a speed of 25.0 mm/sec.
Because the slower speed is the more delicate behavior, the IMDA tool defaults to the more
delicate behavior for the layers containing the component. This is evident in Figure 3.9b
where starting with the first component image, image 100, the BP up speed is now specified
at 20.0 mm/sec. On the image before the component starts, image 99, no BP up speed is
specified indicating the printer will use the bulk default speed.
Varying exposure times leads to a more complicated integration. If the bulk design’s
exposure is different than the component’s exposure, say 100 ms and 200 ms respectively,
the bulk and the component could be exposed separately, first just the bulk excluding the
component then just the component for a total of 300 ms. However, to be efficient the bulk
and the component could also both be exposed together for 100 ms followed by only the
component being exposed for an additional 100 ms for a total of only 200 ms. The second
approach is used by the IMDA tool.
In this example, the bulk design had a slightly longer exposure time than the component. Looking back at Figure 2.1a the component’s default exposure time is 205 ms while
Figure 3.8a shows the default exposure time for the bulk design is 220 ms. This means the
bulk design excluding the components needs to be exposed for an additional 15 ms for any
layers using the default settings. Figure 3.9b shows the first layers with the component. In
this file, the first image has an exposure time of 205 ms, the exposure time of the component,
followed by a second image with an exposure time of 15 ms, the additional time needed to
get to the 220 ms of the bulk design excluding the component.
This behavior is also reflected in the sliced images of those layers in Figure 3.10. In
Figure 3.10a both the bulk design and the component which would be the first 205 ms where
both need to be exposed. Now the placeholder box from the pre-integration images, see
Figure 3.7, has been replaced by a component image. Figures 3.10c-e shows the original 20pixel diameter valve. Figure 3.10c shows the valve in another design, see Chapter 4 for more
information, and Figure 3.10d shows that valve divided into individual layers. Figure 3.10e
shows those layers sliced into individual images, and the 8th layer images correlates to the
image which replaced the placeholder in Figure 3.10a. Figure 3.10b shows the design with
21

the component masked out, or unexposed. This allows the rest of the bulk design excluding
the component to be exposed for the additional 15 ms required.
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CHAPTER 4.

COMPONENT CREATION

In Chapter 3, I assumed that a library of components was available for a theoretical
student’s use. In this chapter I detail how components for such a library can be constructed
from a full working microfluidic device design by essentially snipping out the specific part of
the design that I want to turn into a component. I will also show what must be done to add
a component to the component library.

4.1

Working Design
Starting from a working microfluidic device design, the first step is to identify which

part of the design is to be turned into a component. Figure 4.1 shows a working design
by PhD student Mawla Boaks for a chip that he used to test individual 20-pixel diameter
valves. I want to extract a single 20-pixel diameter valve and turn it into a component
such that it can be re-used by anyone who designs their devices using the IMDA software.
Figure 4.1c shows a zoomed in view of the valve, which is what needs to be encapsulated as
an individual component. Chapter 3 explained that a component must contain both print
images and print settings. These are what a designer must extract from the full device design
for the 20-pixel diameter valve region.
To get the print images, the component-specific area can be separated out using the
script component slicer.py. The inputs to this script are the folder of the original slices,
the first and last images containing the component, and the x and y coordinates of the
component area. The output is the given images cropped to the given coordinates. Figure
4.2a is the original design image for layer 131. Each of these original design images are 2560
pixels by 1600 pixels, and the component region is only the area marked with the red square
on Figure 4.2a. The results of this script for the 20-pixel diameter valve can be seen in
Figure 4.2b. Since the 20-pixel diameter valve is spread over 15 layers, 16 images, of the
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(b) Inner view; 6 valves visible

(a) Outer view

(c) Zoomed in view of one valve

Figure 4.1: Mawla Boaks 20-pixel diameter valve design.

design, this script extracts the component region from each of these images. The resulting
cropped images are shown in Figure 4.2b as 16 smaller images. These images are what will
replace the placeholder box described in Section 3.4 and can be seen in Figure 3.10c-e.
To get the required print settings, the original print settings file from Mawla’s design
is needed. From this settings file, only the settings that pertain to the 20-pixel diameter
valve region need to be extracted. These settings typically include the global default settings
combined with settings specific to the layers that contain the valve. The print settings file
for the 20-pixel diameter valve is in Figure 2.1. Figure 2.1a shows the global defaults with
the starting image being the “out0124.png” or the 124th layer. This is the layer where the
component started. These extracted settings are put in their own smaller JSON settings file
that is included in the library alongside the 16 extracted images. Together these comprise
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the majority of the component definition along with the component JSON file, see Section
4.2, and the physical design, see Section 4.4.

Figure 4.2: Results of sliced component. Subfigure a is one of the original design images.
The 16 images in subfigure b are the slices of Mawla’s valve component that are moved to
the component library.
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4.2

Component Library JSON
With the files needed to integrate with the final print design: the sliced images and

the print settings file, the library also requires additional variables to make the component
easily moveable and mapable for both users and the IMDA tool.
With the x and y coordinates used to slice the images in Section 4.1, a designer can
determine the width and length of the component. Using the component print settings they
can extract the height. These sizing variables are stored along with other human readable
data in the component library JSON file, an example of this is in Figure 4.3. Below the
component dimensions is a human readable description of the component, letting designers
know what the component is. A designer can also include other relevant information here
such as the h a or the optical penetration depth of the resin with which this component was
fabricated, which is included in the example. This description is followed by a version history
including who designed the component, when it was designed, and what changes were made.
In the example, since it is the first iteration nothing is included in the changes variable. All
this component information is stored under a component name or key, in this case “20pxval”
in reference to the component being a 20-pixel diameter valve.

Figure 4.3: Component JSON. This file holds relevant variables under the component’s
name.
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4.3

Library JSON
To map the component name to a the more versatile 6 digit data matrix key, there

is a global library JSON file outside of the individual component folders. This maps each of
the human readable component names to a numeric data matrix barcode as seen in Figure
4.4 where the human readable “20pxval” component name is mapped to a 6 digit “000000”
code. This library JSON also allows a user to move a new component into their library with
minimal change to the component.

Figure 4.4: Library JSON. Maps the component name to the numeric data matrix barcode.

The library JSON is one of two locations that need to be updated when adding a
new component to a user’s library. The only other change, along with mapping the new
component to an unused 6 digit barcode in the library JSON, would be to adjust the data
matrix barcode in the component placeholder’s OpenSCAD file to match the newly specified
6 digit barcode. This step is further detailed in Section 4.4.

4.4

3D Component Placeholder
As mentioned in Section 3.4, the last element of a library component is a 3D design

or the 3D component placeholder, see Figure 3.4. This placeholder should match the x,
y, and z from the component JSON, determined in Section 4.2, and should contain all the
relevant local variables for another designer to put the placeholder within their own design
using only one set of x, y, and z variables. Figure 4.5a contains a portion of the OpenSCAD
design code defining the 20-pixel diameter valve placeholder. The component placeholder
function is marked with a red rectangle. The inputs are the dimensions: x, y, and z. Figure
4.5b shows the segment of the bulk microfluidic OpenSCAD design code that adds in the
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placeholder from 4.5a. The statement shown in the red rectangle references the component
placeholder function using the expected input of dimensions x, y, and z.
In order for the component to properly connect to the rest of the device, as seen in
Figure 3.4b, the channel ports are also defined in the OpenSCAD placeholder code. These
connections, as mentioned before, are indicated by the red buttons in Figure 3.4a. There are
two types of ports: fluid and pneumatic and these are included in variables in the placeholder
OpenSCAD code and are marked within the code by the the red rectangle at the bottom of
Figure 4.5c. In the bulk device design in Figure 4.5d, those variables are used to connect one
of the fluid channel to the component placeholder. The fluid channel variable from Figure
4.5c is again marked in the red rectangle within the bulk design code in Figure 4.5d.
This placeholder code also contains the data matrix barcode which will map the
human readable key from the component library JSON. In Figure 4.5a at the bottom in the
light blue box is “000000” or the numeric equivalent of the data matrix barcode from Figure
3.4a and the code was assigned to the “20pxval” component in the library JSON in Section
4.3. This, as specified in that section, would be the only location in the component files,
alongside the library JSON, that would be changed to implement the component in a new
library.
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Figure 4.5: OpenSCAD code of component placeholder being used in a microfluidic design.
29

CHAPTER 5.

ADDITIONAL TESTING

This chapter explains the tests that are built into the IMDA tool as well as the unit
testing that was done to ensure accurate and consistent outputs.

5.1

Self-Consistency Tests
Because of the repetition of information, specifically component dimensions, in the

library files, as described in Chapter 4, there is the risk of discrepancy between the component
images, component print settings, component JSON, and the OpenSCAD 3D design. A selfconsistency test at the beginning of the IMDA code, checks for these errors and lets the user
know where any inconsistencies exist. This code can be turned off and on with an input flag,
but this check ensures that the dimensions are consistent between all the components being
replaced in the design and the component library. If there are any inconsistencies, an error
will be generated, and the code will not attempt to integrate the design.

5.2

Unit Testing
An additional 40 unit tests are also included with the code to ensure its validity.

These tests use the python library pytest and are run through an integrated development
environment (IDE) such as vscode. These tests include both print settings and design image
testing as well as tests of the self-consistency check described in Section 5.1, and they ensure
that a given input bulk print file produces the expected integrated print file output.
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CHAPTER 6.

PHYSICAL PRINTS

This chapter explains the physical testing that has been done to demonstrate the
feasibility of the IMDA tool. The printing was done by lab member Elise Larson. While
these prints are not enough to prove that the IMDA will always work, see Chapter 7, they
do establish fundamental feasibility.

6.1

20-Pixel Diameter Valve
This component is based on a design by PhD student Mawla Boaks and was used as

an example throughout the previous chapters. Figure 4.1b shows the OpenSCAD design.
In order to show the success of the IMDA tool, I first did prints of the original design
at the exposure time recommended by the designer, in this case Mawla. The device from
this design is in Figure 6.1a where the 6 valves are circled in red. A single valve from that
design magnified is in Figure 6.1b. Then I printed two designs using the IMDA tool: one
with the same exposure as the original design and one with a different exposure time. The
one with this original settings is in Figure 6.1c where the 8 valves are circled in red. One
valve from that device is in Figure 6.1d. The device with a different exposure time is in
Figure 6.1e where the 8 valves are again circled in red. One valve from that device is in
Figure 6.1f. In this way I show that the IMDA tool allows a component to be integrated
into either not only into a new design, but also into a new design with settings that differ
from the original.

6.2

40 Pixel Pump
My second print example is based on a design by PhD student Matthew Viglione

which contains two 40-pixel diameter pumps. The original design can be seen in Figure 6.2a.
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Figure 6.1: Prints of the 20-pixel diameter valve both in original and integrated devices.
Subfigure a is a device of Mawla’s original design, and subfigure b is a single valve from that
device. Subfigures c-f are the integrated designs. The device in subfigure c has the same
exposure time as the original device, with a single valve from that device in subfigure d,
while the device in subfigure e has a different exposure time, and a single valve from that
device is in subfigure f.

Unlike with Mawla’s design which was designed exclusively to test valves, this design has
other elements, including 2 large wells. The two pumps are circled in red.
Figure 6.2b shows the placeholder for the 40-pixel diameter pump in the bulk design.
Figures 6.2c and 6.2d show just the component placeholder for the pump. The red buttons
on the component box indicate there are 7 channel connections on the top and one on the
bottom. The top view of the bulk design shows the 8 instances of the placeholder with the
red connection buttons being covered by 7 channels on the top of the placeholder.
Similar to the 20-pixel diameter valve prints, I printed the original design, Figure
6.3a-b, along with one integrated print using the same exposure time as the original, Figure
6.3c-d, and one with a different exposure time, Figure 6.3e-f. Figure 6.3a shows the original
device with has two pumps, circled in red. Both of those pumps are magnified in Figure 6.3b.
Figure 6.3c is the integrated design with the same settings as the original. The 8 pumps in
this device are circled in red. Figure 6.3d is one pump from that device. Figure 6.3e is the
integrated design with a different exposure time than the original, again the 8 instances of
the pump are circled in red, and Figure 6.3f is one pump from that device.
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(a) Original design

(b) Bulk design with placeholders; 8 instances
of placeholder visible

(c) 40-pixel diameter pump component placeholder (top); 7 red connection buttons visible

(d) 40-pixel diameter pump component placeholder (bottom); 1 red connection button visible

Figure 6.2: OpenSCAD design of 40-pixel diameter pump.

6.3

Results
From our two examples, I was able to establish precedent for taking a component

from a working device and placing it successfully into a new device. I also showed that not
only can I get a successful component by using the same settings as those used in the original
working design, but I can also adjust those settings and still get a working device.
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Figure 6.3: Prints of 40-pixel diameter pump both in original and integrated devices. Subfigure a is a device of Matthew’s original design, and subfigure b is a both pumps from that
device. Subfigures c-f are the integrated designs. The device in subfigure c has the same
exposure time as the original device, with a single pump from that device in subfigure d,
while the device in subfigure e has a different exposure time, and a single pump from that
device is in subfigure f.
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CHAPTER 7.

CONCLUSIONS AND FUTURE RESEARCH

This study demonstrates how the IMDA will improve efficiency in the lab by preventing repeated procedures in design. This approach will also decrease the start-up time
for incoming designers by simplifying the process both in simple and complex component
integration. The printing examples show promise in demonstrating the success of the IMDA
tool and its ease of use.
This tool is at the feasibility stage, and there are many improvements to be added
before it reaches full development. Another member of the lab, Matthew Viglione, will be
building out the user interface of this tool and publishing a paper on the polished product.
During its development, he will be getting user input from lab members as well as doing
more thorough printing to further solidify the usability of both component creation and
integration.
For better visualization, he could add a component view to the OpenSCAD placeholder representation of the component. This would allow a designer to switch between the
placeholder box visual and a component visual during development. Currently I just have
the placeholder box view which, while functional for designing, is not as helpful for representation since to know which component is being used you have to parse through the code
rather than being able to tell from the visual.
In the component JSON, he could also add increased metadeta such as the specific
resin and printer used. In this way, designers can find a component that not only fits their
3D design needs but also their printing setup. This should lead to greater success and avoid
some of the issues I already faced when switching printers between the original and integrated
designs.
Within the integration tool itself, he would also like to enable built in edge exposure
for non-component layers. Edge exposure is a technique where a designer exposes certain
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layers twice to provide greater stability to the structures in those layers [6]. This technique
is current available in a separate tool, but by combining the two, the design process will be
simpler and ensure proper integration between the bulk and component designs.
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